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Abstract 
One of the most important problems of stealth technology is to evaluate the infrared radiation (IR) level received by IR sensors 
from fighters to be detected. This article presents a synthetic method for calculating the IR emitted from aircraft-skin. By reck-
oning the aerodynamic heating and hot engine casing to be the main heat sources of the exposed aircraft-skin, a numerical model 
of skin temperature distribution is established through computational fluid dynamics (CFD) technique. Based on it, an infrared 
signature model for solving the complex geometry and structure of a fighter is proposed with the reverse Monte Carlo (RMC) 
method. Finally, by way of determining the IR intensity from aircraft-skin, the aircraft components that emit the most IR can be 
identified; and the cooling effects of the main aircraft components on IR intensity are investigated. It is found that reduction by 
10 K in the skin temperature of head, vertical stabilizers and wings could lead to decline of more than 8% of the IR intensity on 
the aircraft-skin in front view while at the broadside of the aircraft, the drops in IR intensity could attain under 8%. The results 
provide useful reference in designing stealthy aircraft. 
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1. Introduction1 
Over past decades, infrared radiation (IR) emitted 
from aircraft-skin has been proven to be not so much 
helpful for active aircraft detecting and tracking as for 
being detected and tracked by enemies’ IR guided 
heat-seeking missiles[1]. Therefore, IR study is of ut-
most importance for removing this threat to enhance 
survivability and becomes a critical part of stealth 
technology[2].  
Up to now, researchers in the world have made 
achievements through numerical simulation[3-8] and 
experimental investigation[9-10] in this field. In 1991, an 
NIRATAM (NATO infrared air target model) was de-
veloped by the NATO-organized RSG6 (research study 
group on infrared signatures of aircraft, helicopters and 
anti-aircraft missiles)[3]. As a computer model, it is able 
to predict the IR of an aircraft in natural environment. S. 
P. Mahulikar, et al.[4] presented an outline of a program 
to predict the infrared signature emissions from the 
airframe, engine casing and the plume as well as their 
attenuation due to atmosphere intervention. The con-
trast of emissions against the background decides the 
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infrared signature level. R. Martinez, et al.[5] and J. 
Bortle[6] developed a radiometric model to simulate a 
large commercial aircraft’s infrared radiation (LCAIR) 
intensity of aircraft during take-off and landing states. 
The model used an obscuration matrix to determine 
which parts of the aircraft are spotted and to what ex-
tent they could contribute to the IR intensity of aircraft. 
On the basis of Ref.[6], S. I. Harkiss[7] investigated the 
effects of bi-directional reflectance distribution func-
tions (BRDFs) incorporated into IR signature simula-
tions with the purpose of analyzing and improving on 
the limitations of LCAIR that J. Bortle described in 
Ref.[6]. In 2007, X. L. Xia, et al.[8] predicted the effects 
of aerodynamic heat transfer and thermal radiation on 
aircraft-skin by using domain decomposition technique 
to make the solution easier by dividing the whole air-
craft into numerous regions. D. X. Zhou[9] analyzed 
various kinds of infrared radiant sources from the di-
rection of their nose aspect, and then put forward some 
methods to calculate main infrared radiant sources, 
which were finally verified later by the results of 
jet-powered target tests. J. Cline, et al.[10] described the 
successful validation of the F/A-22 IR signature predic-
tion model by using in-flight IR radiometric measure-
ments as required by the contract to demonstrate com-
pliance with the IR signature specification of F/A-22 
program. 
Although the problem of IR of aircraft has been ex-
tensively studied, the results available in existing ref-Open access under CC BY-NC-ND license.
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erences could not fully explore the relationship be-
tween skin temperature and IR characteristics of fight-
ers. It is urgently needed to establish a comprehensive 
model of IR, which should be capable of not only pre-
dicting skin temperature of fighters but also calculating 
IR emitted from aircraft-skin. It is this idea that insti-
gates the authors of this article to propose an IR signa-
ture synthetic model on the basis of computational fluid 
dynamics (CFD) and the reverse Monte Carlo (RMC) 
method. Finally, with this model, the aircraft compo-
nents that emit the most IR can be identified and the 
cooling effects of the main aircraft components on IR 
intensity are studied. 
2. Procedure for IR Characteristic Prediction 
The flowchart of a general procedure for computing 
total IR level of aircraft with various models is shown 
in Fig.1, of which the skin temperature calculation is 
introduced in Section 2.1 and the infrared signature 
level calculation in Section 2.2. 
 
Fig.1  General procedure for emitted IR level calculation of 
aircraft. 
2.1. Aircraft-skin temperature calculation 
When it comes to the temperature distribution of the 
exposed aircraft-skin, the two major heat sources 
should be pointed out, viz. aerodynamic heating of fu-
selage in high Mach number freestreams and hot engine 
casings. Environmental factors like the Sun can result 
in an increase of about 4 K in the aircraft-skin tem-
perature. This article will not consider these factors. 
In order to acquire the aircraft-skin temperature dis-
tribution as the inputs for the infrared signature level 
calculation, the CFD method is used. 
The grid for computation is composed of two regions, 
viz. fluid region and solid region. The former refers to 
the external freestream of aircraft and the latter the in-
ternal aircraft-skin. 
In the fluid region, the Reynolds averaged Navier- 
Stokes (RANS) equations in the form of conservation 
law have been tenable. To simulate the turbulence, 
eddy viscosity is determined according to the two 
equations of RNG k- turbulent model. In the solid 
region, the energy transport equation is used. 
By using a finite-volume technique with cell-centered 
formulation, second-order upwind methods based on 
the low-diffusion flux-splitting scheme are used to dis-
cretize the inviscid components of the equation system 
while central differences are used for viscous and dif-
fusive terms. Time integration is facilitated by a planar 
relaxation iteration procedure, which results in sec-
ond-order temporal accuracy with sufficient iteration 
convergence. Finally, the integral-differential governing 
equations are solved through successive substitution. 
The boundary conditions imposed by this article in-
clude outflow, freestream, solid walls and geometrical 
symmetry. The exits of inlet are set to be outflow con-
ditions. On solid walls of aircraft-skin, no slip boun- 
dary conditions are specified and axisymmetric condi-
tions are imposed on the centerline of the aircraft. 
Boundary conditions of engine are usually specified 
according to the temperature distribution and divided 
into three sections, namely compressor casing, turbine 
rear casing and exhaust casing. Assuming that the en-
gine is a maximal power condition, then the apparent 
temperatures in the three sections are 400 K, 450 K and 
520 K respectively. In actual calculation, the thermal 
conductivity from engine to aircraft-skin is determined 
through tests. 
Finally, a CFD solution with a mesh of the air-
craft-skin is required to be an input for IR calculation. 
The CFD solution should contain some variables such 
as temperature, pressure, placement and others. 
2.2. Infrared signature level calculation 
The Monte Carlo method is a numerical technique 
used to solve various scientific and engineering pro- 
blems by tracing the history of a number of rays that 
represent photon bundles traveling through the medium. 
The Monte Carlo method has an obvious advantage 
over the finite volume method and discrete ordinate 
method in treating complex geometry and anisotropic 
scattering in simulation of radiative transfer. 
However, Monte Carlo simulation has to expend a 
significant fraction of time for computing high per-
formance. In the case of detecting radiation signals at 
some selected positions and/or given time intervals, the 
RMC method becomes very advantageous[11-16]. D. G. 
Collins, et al.[11] reported their earlier work on RMC in 
radiation transfer calculation. By adopting their concept 
to calculate infrared signature level of aircraft-skin, this 
article actually expands the application scope of RMC. 
As shown in Fig.2, this geometrical framework of 
aircraft-skin is divided into many unit blocks coming 
from the CFD mesh. Supposing that, for surface ele-
ment j(0  j  N), the elements are unit blocks bound-
ing the enclosure, the objective is to determine the flux 
impinging on the surface element area A at a differen-
tial solid angle d along the incidence angle , then the 
ray transfer will be divided into the launch, reflection, 
absorption and scattering, which constitute a succession 
of independent sub-processes. 
The radiant power emitted from A0 at d along  
and absorbed by j(0 j  N) at d0 can be written as 
0 b 0 0 0 0 0 0RD cos dj jQ I T A            (1) 
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where 0 is the emissivity, Ib the blackbody radiative 
intensity and T the temperature. The radiation distribu-
tion factor RD0j is defined as a fraction of the total ra-
diation emitted from A0 at d that is absorbed by sur-
face element 0 at d0. 
 
Fig.2  Schematic of RMC method. 
Similarly, the radiant power emitted from surface 
element j at dj and absorbed by A0 at d alone the 
angle can be written as 
0 b 0RD cos dj j j j j j jQ I T A         0 j  N   (2) 
According to the reciprocity of radiation distribution 
factors, could be obtained 
0 0 0 0 0 0RD cos d RD cos dj j j j j jA  A          (3) 
After RD0j or RDj0 has been solved, the radiant heat 
absorbed by A0 at d0 can be calculated by Eqs.(1)-(3). 
The radiant energy generating on the aircraft-skin 
element is given by 
0 0 b 0 0 0
0
RD cos d
N
i i
i
Q I T A  

 	       (4) 
The calculation steps of RMC are as follows: 
(1) Assume N bundles that arrive at the detector. De-
termine the number of rays launching by each air-
craft-skin unit. 
(2) Assume the probability model about reflection 
and refraction in order to determine the direction of 
new launch. 
(3) Start a bundle and pick up a backtracking direc-
tion and time. 
(4) Solve light intersection with the aircraft surface 
in order to determine whether the surface absorption is 
scattered or absorbed. If scattered, pick up a new direc-
tion as a new base and return to Step (3). If absorbed, 
go to next step. 
(5) In every unit, statistics for the total energy are 
carried by each beam of light. 
3. Validation 
3.1. Description 
As shown in Fig.3, three 
 =40 mm balls are stacked 
together. The surface of each ball is divided by quadri-
lateral meshes. The vector direction of V1 is from (0, 0, 
1) to (0, 0, 0). That of V2 from (0, 1, 0) to (0, 0, 0), and 
that of V3 from (1, 0, 0) to (0, 0, 0). 
 
Fig.3  Geometric model of verification example. 
Assume that the surfaces of three balls are of black-
body. Their apparent temperatures are 300 K, 350 K 
and 400 K respectively. All calculations are carried out 
in a wave band interval between 8-14 m. 
3.2. Results of validation 
In order to compare with the theoretical results, Ta-
ble 1 lists the IR intensity in three directions—V1, V2 
and V3. It is observed that the greatest relative error of 
the results is less than 4%. The error comes mainly 
from discrete models and randomness of choosing 
number in RMC method. 
Table 1 Comparison of calculated results with theoretical 
ones 
Radiation intensity/(W·sr1) Direction
Theoretical results Calculated results 
Relative 
error/% 
V1 0.425 1 0.440 7 3.67 
V2 0.311 2 0.308 5 0.87 
V3 0.195 0 0.194 7 0.13 
4. Results and Analysis 
Constructed on the basis of the fighter of F/A-22, the 
geometrical model is regarded as a generic one in na-
ture. The above-cited method is used to calculate the IR 
intensity of aircraft in the freestream at temperature T = 
216.7 K, pressure p = 22 699 Pa, altitude H =11 km and 
with the Mach number Ma =1.6. With these results, the 
IR makes a band of 8-14 m. In addition, due to the 
needs for being published, the IR intensity is normal-
ized to unity. 
4.1. Analysis of IR intensity of aircraft components 
In order to investigate IR intensity of various aircraft 
components and their contributions, the aircraft is di-
vided into seven parts, viz. fuselage, wings, head, inlets, 
engine casing, vertical stabilizers, rear fuselage and 
horizontal stabilizers (see Fig.4). 
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Fig.4  Schematic illustration on aircraft components 
Fig.5 shows the variation of IR intensity in polar 
plots with azimuth from major aircraft components in 
front view. There are several aircraft components that 
contribute to IR intensity. 
 
Fig.5  IR intensity of major aircraft components from air-
craft in front view. 
When viewing from the front over 180º, there are 
head and inlets that contribute to the IR intensity. In 
this case, aerodynamic heating plays a major role. 
However, when viewing over 120º or 240º, the vertical 
stabilizers and hot engine casing become the major 
source of IR. 
It is worth noting that although the engine casing is 
the hottest part, the radiation intensity of the engines is 
less than that of the fuselage or head. This is because 
radiation intensity is the product of the radiance and the 
projected area of the source, components like a fuse-
lage or a head having larger projected areas also can 
produce higher radiation intensity than an engine cas-
ing possessive of smaller projected areas. 
Fig.6 shows the variation of IR intensity in polar 
plots with azimuth from major aircraft components in 
broadside view. When viewing from the broadside over 
180º, the IR of main aircraft components is relatively 
small. As the azimuth approaches 90º or 270º, the IR 
intensity from the engine casing, wings and fuselage 
increases. Concerning the top of aircraft, the IR inten-
sity comes mainly from the wings, fuselage and engine 
casing. 
 
Fig.6  IR intensity of major aircraft components from air-
craft in broadside view. 
4.2. Effects of aircraft-skin temperature 
To reduce the IR intensity from aircraft-skin, various 
cooling techniques, such as transpiration and film, have 
come into use to lessen deleterious effects of hot engine 
casing and aerodynamic heating on high-speed aircraft. 
Fig.7 shows the variation of IR intensity with air-
craft-skin temperature in polar plots in front view. 
When the skin temperature of major aircraft compo-
nents drops by 10 K, 20 K, 30 K and 40 K, the IR in-
tensity from the front of the aircraft decreases 8.80%, 
16.87 %, 24.21% and 30.83% respectively. Fig.8 shows 
the variation of IR intensity with aircraft-skin tempera-
ture in polar plots in broadside view. When the skin 
temperature of major aircraft components drops by 10 K, 
 
Fig.7  Effects of aircraft-skin temperature on IR intensity in 
front view. 
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Fig.8  Effects of aircraft-skin temperature on IR intensity in 
broadside view. 
20 K, 30 K and 40 K, the IR intensity from the front of 
the aircraft also decreases by 7.81%, 14.95%, 21.42% 
and 27.25% respectively. Obviously, lower aircraft-skin 
temperature will lead to reduced aircraft IR. Conse-
quently, based on the results, it is reasoned that the 
components with the larger should be chosen to cool 
the internal surface of aircraft-skin, thereby reducing 
aircraft IR and finally achieving the purpose of stealthy 
aircraft. 
Because of the limited conditions, the present results 
about aircraft-skin IR intensity distribution can not be 
compared to the real F/A-22 in assessing the proposed 
method. However, by comparing the similar research 
results, these conclusions are consistent with the actual 
situation, which evidences the effectiveness and prac-
ticality of the method. 
5. Conclusions 
(1) The IR signature synthetic model is proposed and 
established on the basis of the CFD and the RMC 
method, which can accurately simulate the IR charac-
teristics of an aircraft and meet the needs for the appli-
cation. 
(2) From the front view of an aircraft, aerodynamic 
heating plays a major role. For an aircraft during su-
personic flight, the main components sustaining the 
aerodynamic heating are fuselage, head and vertical 
stabilizers. Especially in the azimuth over 120º or 240º, 
IR signature intensity appears as an 8-14 m band. 
(3) Reduced aircraft-skin temperature plays a sig-
nificant role in suppressing the IR. Drops in the air-
craft-skin temperature of 10 K, 20 K, 30 K and 40 K 
lead to decline in IR intensity of 8.80%, 16.87%, 
24.21% and 30.83% respectively. 
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